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Abstract 

Background: Mannan is one of the prinnary polysaccharides in hemicellulose and is widely distributed in plants. 
P-Mannosidase is an important constituent of the mannan-degrading enzyme system and it plays an important role 
in many industrial applications, such as food, feed and pulp/paper industries as well as the production of second 
generation bio-fuel. Therefore, the mannose-tolerant |3-mannosidase with high catalytic efficiency for bioconversion 
of mannan has a great potential in the fields as above. 

Results: A |3-mannosidase gene {Tth monS) of 1,827 bp was cloned from the extremely thermophilic bacterium 
Thermotoga thermarum DSM 5069 that encodes a protein containing 608 amino acid residues, and was over- 
expressed in Escherichia coli BL21 (DE3). The results of phylogenetic analysis, amino acid alignment and biochemical 
properties indicate that the Tth ManS is a novel |3-mannosidase of glycoside hydrolase family 5. The optimal activity 
of the Tth ManS p-mannosidase was obtained at pH 5.5 and 85°C and was stable over a pH range of 5.0 to 8.5 and 
exhibited 2 h half-life at 90°C. The kinetic parameters /(^ and l/^ax values for p-nitrophenyl-^-D-mannopyranoside 
and 1,4-p-D-mannan were 4.36±0.5 mM and 227.27±1.59 ^mol min"^ mg"\ 58.34±1.75 mg mL"^ and 285.71 ±10.86 
|umol min"^ mg"\ respectively. The /Cca/Km values for p-nitrophenyl-|3-D-mannopyranoside and l,4-|3-D-mannan were 
441.35±0.04 mM"^ s"^ and 41.47±1.58 s"^ mg"^ ml, respectively. It displayed high tolerance to mannose, with a K, 
value of approximately 900 mM. 

Conclusions: This work provides a novel and useful |3-mannosidase with high mannose tolerance, thermostability 
and catalytic efficiency, and these characteristics constitute a powerful tool for improving the enzymatic conversion 
of mannan through synergetic action with other mannan-degrading enzymes. 
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Background 

Mannans are complex polysaccharides representing one of 
the major components of hemicellulose, consisting of four 
types: linear mannan, glucomannan, galactomannan, and 
galactoglucomanan [1], Each of these polysaccharides has 
a |3- 1,4- linked backbone units including mannose or a 
combination of glucose and mannose residues, with the 
presence of a-l,6-linked side-chain substitutions [2]. It 
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was reported that the hydrolysis of these polysaccharides 
requires several mannan-degrading enzymes, primarily in- 
cluding |3-mannanase (EC 3.2,178), |3-mannosidase (EC 
3.2,1.25) and |3-glucosidase (EC 3,2,1,21), Other enzymes 
such as a-galactosidase and mannan esterase are required 
to remove a-galactosyl and O-acetyl side-chain substitu- 
ent. Among these enzymes, two types of mannan- 
degrading enzymes are necessary [3]. One endotype, 
|3-mannanase, is responsible for the cleavage of |3-1,4- 
linked mannose residues backbone randomly to generate 
mannooligosaccharides. Another exotype, |3-mannosidase, 
hydrlyses the nonreducing end of mannooligosaccharides 
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to release mannoses [2]. It is known that |3-mannosidase is 
produced from plants, bacterial, fungi, invertebrates as well 
as some mammalian species [4,5]. Based on amino acid 
similarity and multi-domains, p-mannosidases have been 
mainly classified into glycoside hydrolase family (GHF) 1, 
2 and 5 (http://wwwxazy.org/). These |3-mannosidases 
from different GHFs possess considerable industrial appli- 
cations in many fields, such as food, feed and pulp/paper 
industries [6]. In addition, p-mannosidases have important 
role in saccharification of hemicellulose for fuel and other 
chemicals production. In human, lack of p-mannosidase 
can lead to p-mannosidosis [7,8]. 

During the last two decades, thermostable enzymes 
from thermophilic or hyperthermophilic microorganisms 
have become the hotspots of researches in many fields 
[9]. The amino acid sequences of p-mannosidases are 
abundantly available on the constantly updating data- 
bases. However, only a few p-mannosidases especially 
from hyperthermophile have been cloned, purified and 
characterized [3,5,10]. It was found that the known hyper- 
thermophilic p-mannosidases from Pyrococcus furiosus, 
Thermotoga maritima, and Thermotoga neapolitana 
belonged to the GHFl, GHF2, and GHF2, respectively 
[11-13]. Thermotoga thermarum, isolated from continental 
solfataric springs at Lac Abbe (Djibouti, Africa), is an an- 
aerobic hyperthermophilic bacteria that grows at 80°C 
[14]. And it has many glycoside hydrolase genes based 
on the genomic sequence (GenBank accession number: 
CP002351). 

The biotechnology industry is essential in modern so- 
cieties [15], which is reflected in the production of re- 
combinant enzymes (including p-mannosidases) and 
their applications. In this study, we described the clon- 
ing, expression and functional characterizations of a 
novel recombinant p-mannosidase (Tth Man5) in E, coll. 

Results 

Amino acid sequence of Tth Man5 p-mannosidase 

The Tth manS gene isolated from the T, thermarum gen- 
ome was 1,824 bp in length coding 608 amino acids and it 
was predicted as an endo-p-mannanase (Theth_0949) 
available at NCBI and CAZy sites (http://www.ncbi.nlm. 
nih.gov/, http://www.cazy.org/) (Lucas S etal, 2011). As 
shown in Figure 1, Tth Man5 displayed 33% identity to 
P-mannosidase from Sorangium cellulosum So ce56, 32% 
identity to putative p-mannosidase from Actinosynnema 
mirum DSM 43827 and 32% identity to the glycoside 
hydrolase from Streptomyces flavogriseus ATCC 33331. 
The results of alignments also revealed that Glul41, 
Glu237, Glu238, Glu292 and Glu591 were conserved 
amino acids among these GHF5 p-mannosidases. Ac- 
cording to the CAZy database, two glutamic acids are the 
acid/base and the nucleophile, respectively. Against the 
similar catalytic domain of GHF5 endoglucanase (EXPDB 



No: 1TVP_A) from Pseudoalteromonas haloplanMs, it was 
presumed that active amino acids of Tth Man5 p- 
mannosidase were Glul41 and Glu238 [16]. 

Over-expression and purification of Tth ManS 
p-mannosidase 

When using native gene from T. thermarum for expres- 
sion, the protein production was very difficult to detected 
(data not shown). Thus, in order to increase the expres- 
sion level of Tth Man5 p-mannosidase in Escherichia coli, 
rare codons were replaced by optimal codons without 
change of amino acid sequence (data not shown). The ma- 
ture protein without the signal peptide, allowing the inser- 
tion of a Hise-tag at the C-terminus, was successfully 
expressed in E, coli BL21 (DE3), after induction with IPTG 
for 5 h at 37°C. The recombinant protein in the cell-free 
extract was purified by a heat treatment followed by a 
nickel affinity column (Table 1). Finally, the purified 
recombinant enzyme displayed a single band on SDS- 
PAGE with an estimated molecular weight (MW) of 70 
kDa (Figure 2), which was consistent with the predicted 
MW of monomer (71, 725 Da). Size exclusion chromatog- 
raphy was also carried out using the AKTAFPLC" system 
to compute the oligomerization state of the target protein. 
It was deduced that the native protein formed 7-mer in 
solution with a calculated MW 508,019 Da according to 
the calibration curve of the gel filtration column. 

Biochemical characteristics of Tth ManS p-mannosidase 

The enzymatic properties of purified recombinant Tth 
Man5 p-mannosidase were determined and summarized 
in Tables 2, 3 and 4. Substrate specificity was assayed with 
different substrates and Tth Man5 p-mannosidase was 
found to be active to /?-nitrophenyl-p-D-mannopyranoside 
(/^NPM) and 1,4-p-D-mannan. However, no activity was 
detected towards konjaku powder, guar galactomannan 
and galactan (Table 2). These results indicated that the 
enzyme showed only exo-enzyme activity, which is not 
consistent with the prediction on its function at NCBI and 
CAZy. 

The recombinant Tth Man5 p-mannosidase has a pH 
optimum of 5.5 as shown in Figure 3a. The enzyme was 
relatively stable at a pH range of 5.0 to 8.5 and most 
stable at pH 5.5 (Figure 3b). More than 70% of the initial 
enzyme activity remained at this range. The enzyme was 
most active at 85°C, and it retained approximately 50% 
of the maximum activity at 95°C (Figure 3c). The ther- 
mostability data showed that it remained above 56% of 
its initial activity after 2 h of pre-incubation at tem- 
perature ranging from 75°C to 90°C (Figure 3d). 

The effects of metal ions and chemical reagents on the 
enzyme activity are shown in Table 3. In various assays, 
the enzyme activity was apparently stimulated by 1 mM 
Mn^^, Co^^ and ethylene diamine tetraacetic acid (EDTA). 
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T.i MDFLLGI NYWSRSG AF.1YMWEDEVFNEEVI ENEl I EMKNLGMNI CRSFLFLPTFF 

S.C WTMHRNFAKVAVRQQAVAWLGANFVSRRG GPLMWQ. . SYDPSVVREELRVLADHGLTWTRSFFYWPHFM 

A.m WTGPDGRPDVWLGVNFVSRVG GPLMWR. . RYDPDVVRAELLV^^REHGVPLTRSFCYV^PDFF.1 

S.f MRRHSAQLTHDSAVLPWLGANFVSRTG GPLMWR. . NYEPRTVREELGVLREHGLNWTRSFFYWPDFH 

T.p MAKFADEFI I GANYWPRNH Gl EhWK. . EWNYDEI KSEFI EAKSLGI NVMRI NLFWEDFQ 

S.g MRRHSAHLTHDHSVLPVLGANFVSRTGGPLMWR. . NYEPKTVREELAVLREHGLTWTRSFFYWPDFH 

S.S MRRHSAQLTHDHAVLPWLGANFVSRTG GPLMVR. . DYDPKTVREELAVLREHGLTWTRSFFYWPDFH 

Lam\ I EFCVSQMVEI I RRNNI I LSNGKFKFLLGVNYWPRKL Nl RMV\R. . DWDENAI REDLKLMKELGI RAI RFFI KNEDFA 

dp MWK. . EWNYEEI KKEFI EAKNLGLNVMRI NLFWEDFQ 

ClK F^FLI GLNYWSKSGGPLMWR. . FFNEEI VDKELAQI RELGVDVI RAFI YWPDFQ 

S.l F^RRHSAQLI HQPDVLPVLGANFWSRTG GPLMWR. . NYDPAVVREELRALAGHGLNTTRSFFYWPDFH 



PKPNKI SEKHVERYLKFLNLCEEHGLKTLLTFI VGHMSGE 94 

PEPDRI DEDCVARYADFLEAHVEAGLTTI PTLLVGHMSGE 107 

PEEDRLDEWLARFDHFLDLHRELGMRTI PTFLVGHMSGQ 99 

PEPGRI DEELCDRFRDFLDAHHELGHGTVPTFI VGHMSGE 105 

PKPDVI SEEAVKKFDELI Kl CHEVDMKI APTFFVGHF.1SGE 97 

PEPGRI DEELCDRFRDFLDAHTEAGF.1GTVPTFI VGHF.1SGE 105 

PEPSRI DEELCDRFRDFLDAHTEAGF.1GTVPTFI VGHF.1SGE 105 

DENTNVRDDAI AKLRKFLDF.5LHENGI I GFPTLI VGHF.1SGK 118 

PQPDVI SEEAI QKFDELI Kl CNEVDF.1RI APTFFVGHF.ISGE 75 

REPGRVDEEF.1LRRLGRFLDLAHKHDVGVYLTFI VGHF.1SGE 91 

PEPDRVDDELCARFEDFLDAHVETGF.1GTI PTFI VGHF.ISGE 105 



r.*NFDPPFRNCRDLYF.1DEFF.1LQQQCFFVKSI VEKVRSSPAVYGYI LSNEF/PLYGG TGEPEKVLNWVKKLVEVI KSVDPTRPVGTGDGCV^NVFG. . GENGFNLREI SKI VDYLGPH 

S'.cNWDPAVRRGRDLYGDVVF.IVARQAVFAEQF.IARRFAGHRAVTGVLVSNEF.IPI YG ERERSI RENVTSWASLVVQALRAGGASQPI SI GDGAV^GI EVTGNDNGFSVRDLGALVDFLGPH 

i4.nf NVDPPVRRGRDVFGDESFVARQRWYVRELSARVKDHPAVAGWLLGNEI PLYADERSRGVGTLDADVVTAVADALI GEVRAAGARQPVSVGDGAV^GVEVTGLDNGFRVRDLAPLVDFHGPH 
Sl/NVDPAVRGDRDLYEDVWLVGRQAVFVSQF/TRRFKDHPAVTGWLI TNEF/PGYGR. . I YQVDPPSSDVVTAVAQFF.ICDAVRAAGGTQPVSLGDGAWGI EVTGRDNGFSLRETAE YVDFVGPH 

r.pNWDVPVREGRNI YSDSFF.1LRYQI KLVRFFAERYKDESAI L FWDLSNE PDNYVK AESRHDAVMVNYVLSNEI KKYDKNHP\/TLGI HQASLLT. . . DNNFYPEDF.1QEGNDFLCF.1H 

-KffNWDPVWRGGRDLYEDVWLVGRQAVFVSQF/TRRFKDHPAVTGVMI TNEF.1PGYGR. . VYQVDPPSSDVVTAVAQFF.1CDAVRAAGGTQPVSLGDGAWGI EVTGRDNGFSLRDTAE YVDFVGPH 
-K^NWDPVWRGGRDLYEDVWLVGRQAVFVSQF/TRRFKDHPAVTGVLI TNEF.1PGYGR. . I YQENPPSGDVVTAVAQFF.1CDAVRAAGGTQPVSLGDGAWGI EVTGRDNGFSLRDTAE YVDFVGPH 

/•flNWVI PVTSFDDLYKSN. SI EKTF.1RFI EHI VKTFKDHPAI GGVI LSNELSLVKK ASNRDE ALALLRAYSKTVKS! DNKHI I SSGDVPDSYF.1Q ETPNVRELVDYI GPH 

CpNWDVPVREGKNl YSDSYF.1LRYQLKLVRFFAERYKDQDAI L FVDLSNE PDNYVK ANSRHDAWLWNYVLSNEI KKYDKKHPVTLGI HQASLLT. . . NNNFYPEDF.1AEGNDFLCF.1H 

CwNVDPQVRGGRDFFE. . . LRNEVKVLI ETI VSRFRGHPAI RGVI LSNELPI YAT SSEDKVTDVI REF.1SSLVKSLDGGHVVTTGDGCWGI F.1G. . AFNGFNPYRYKDYVDYF.1GPH 

^'./NWDPVWRGDRDLYEDVVF.IVGRQAVFVSRF.IARRFKDHPAVTGVLI TNEF.1PGYGR. . I YQVDPPSTDVVTAVAQAF.1CNAVRATGATQPVSLGDGAVGI EVTGRDNGFSLRETAEYVDFVGPH 

E 



r./VYLSETD EYRHSF.1I PEFVI RYLSQYD. LPI LYE 

SlcVYRF-IEND LARQHYGAAFVCELTGFLG. KPVVLE 

i4.WVYRF.1EDD PLRLHLAAAWVCELLDVGG. RPVVLE 

^•/VYRSDTD RPRQHYRAAFECELAAVTG. QPVVLE 

r.pAYPI YTDTCI DPVNSI RSTYF,1APFASKLTQAF.1GGKEVLLE 

<KffVYRSDTD RPRQHYRAAFECELAAVTG. QPVVLE 

-K^VYRSDTD RPRQHYRAAFECELAAVTG. QPVVLE 

La LYLYDSD LARHGYF.1YSALLELFSNDNDI PI I LE 

dp FYPI YTDVCLDPVNSTRSTYF.1APFSVKLTKGF.1GKKDVLF.1E 

CWFYTPDTD AVRHTVF.1PQLI I KACRGLG. KPT! LE 

-y-^VYRSDTD RPRQHYRAAFECELASVTG. QPVVLE 

E 



r.* FVDSLEN. . I QYPNA. . . 
ilcVLSDI DVLGCEREPA. . . 
i4.nf VLRRTDFAGLRRPDA. . . 
VLERVDFPRCRRTDA. . . 
T.p FUURl EYKDLKHKKC. . . 
Sl^VLKRVDFARCRRTDA. . . 
51* VLERVDFAHCRRTDA. . . 
La DLERLEDF,1GI NERYERYI 
CpFLREVEYEKLRPKES. . . 
CmL! STLG. . DVEPVED. . . 
SIZVLKAVDFPRCSRTDA. . . 



EFGASSAQ/iLDENI ALYYREVLI NCLI NGAI GALGWCLND 
EFGVSSAFASDENAAHYYRQVLHNTLLAGATGVM GWNNTD 
EFGVTSDYTSDENAAHYYRQVLHNSLLAGATGVM AWNNTD 
EFGLSTDVVSAANAGI FYRCTLHNSLLGGATGWF.1AWNNTD 
EFGATTLF.1F/SEDI EGDYYKVVLYSLLANESI GA! AWCFGD 
EFGLSTDTVSAANAGVFYRCTLHNSLLGGATGW! AWNNTD 
EFGLSTDTVSAANAGI FYRCTLHNSLLGGATGVM AWNNTD 
EFGFSTHQFSEESQARFI NEI LYTALAKGASGAFI WCFSD 
EFGATTLF.1F/GEEVEGDYYRVVLYSLLANGSI GA! AWCFGD 
EFGASSTLGSDEHI AGYYRTVLF.1GSL! SGAVGAVGWCYSD 
E FGLSTDTVSAANAG! F YRCTLHNSLLGGATGWLAWNNTD 
E 



EACI LVPSYYNKQYPFSFD. DPKETF. . 
DAALI VPSYLEGAFPFTEAEDRSYLF. . 
EVALVVPSYLEKRYPFTTPEDATSVF. . 
DAALVVPSFLERGYPYSRPADRPLI F. . 
DAAI I I PDKYYSALFVGNDYTPERNF. . 
DAALVVPAFLERGYPYSRPADRPLI F. . 
DAALVVPAFLERGYPYSRPADRPLI F. . 



KHLLQATVLCAKAGFV VDLVE 

TF/LRQAYI AAKEADLP VGLTR 

EHGRQAYAAAREADLP VGVAR 

TSLHQGYVAARGADLP VAFAR 

R! LLNSFI LAKEAGI D VELAR 

TSLHQGYVAARGADLP VAFAR 

TSLHQGYVAARGADLP VALTR 

DTSI I VPYYLFKDYEFI WYKNALGFWGVVQPI I ASYI ! SKAAGLCT SF.M YE 

DAAI I I PDKYYEALFVGKDYTPERNF. . . R! LLNSFI LAKQAGLD VDLI R 

PVAVLFPSYVYWSYPFTSRDDARKI S. . . TALLSSYVF.1LVQNGLNPRV! I EEPLTDGVI I EE 
DAALVVPAFLERGYPYSRPADRPLI F. . . TSLHQGYVTARAADLP VALTR 



FN. YPNF.1KPYLHHPFELKFGI FKVDGARKPAAEE! VKFKN 
FD. LI HQDPYRHHPFELHFGLTTVDGRPKPQLEEF.1ARFAK 
FDDLADQEPYSHHPFELHFGLTTARGEPKPQLLELREFAE 
YDDLWEQSPYDHHPFEF.1HFGI TDSSGRPKEPLRELASFAK 
FS. VGERLPYNSTPFETQFGI TAVDGRVKKAGLE ! KAYSE 
YDDLWDQSPYDHHPFEF.1HFGI TDHVGRPKEPLRELASFAA 
YDALWDRSPYDHHPFEF.1HFGI TDSEGRPKEPLRELAGFAE 
FF.1. HESDPPYEV^RPLELGFGI I RKDGSLKPSADI VKRFSK 
FS. VGERLPYNSTPFETQFGI TTVEGRPKKAALEF.1KAFSE 
FP. LI NQRPYSHHPHELRFGVTTVDWRVKPQGDELTRFSR 
YDDLWDQSPYDHHPFEF.1HFGI TDSTGAPKEPLRELAAFAG 
E 

EENYKRVKSYKL! I LPSERK. . YLATTWENLHKYVQAGGN 
ERD. G! AEDCRLYLLPSAKQ. . LTAPTVHLLERLSSAGAV 
EVD. GVPDDCALYLLPSAKQ. . LLAPTVRELLRRASEGAV 
EAD. GLPDNASLYLLPSTRQ. . LTTRTRRDLERRAREGAT 
ADG. DFSKVKF.1L! LPSAYRKGHLNYDQVVK! F.1DFVKNGGT 
EAD. GLPDDAALYLLPSTRQ. . LTTRTRRALERRAREGAT 
EAD. GLAEDAALYLLPSTRQ. . LTTRTRRALERRAREGAT 
LD! ERKARDKKF.1LI F.1PSTI T. . ALASTVRKLLGYVEDGGN 
PED. DFKKYKLL! VPSAYRKGHLTYSQVLKVF.1EFVKEGGT 
GRS. Kl SGDVKVLFLPCALR. . YLACTQEE! RRFVEKGGV 
EAD. GF.1PGEASLYLLPATRQ. . LTTRTRRELARRAAEGAT 



205 
222 
219 
223 
207 
223 
223 
223 
185 



316 
333 
331 
335 
326 
335 
335 
335 
304 
309 
335 

413 
432 
430 
434 
427 
434 
434 
442 
405 
418 
434 



r.iLYI SYYWGK. . YDFHQGI WSQNLESLI GCKLNLRYGLTSSLPS KVKLEYGGLTWKLNVEKCNEVEKSYAPI VS I LETAESI ELGQSDLQLVKNKVGSGKVFFI NFPLEHI LSV 524 

SlcVYASYCHGT. . HGSQRGPWYAHLNAF.1FGVEHQLRYGF.il DPI EDDRAKLTFECQFGTI AAGTTLTFPVSGTEHSRAYLPVR PRGAEVVAVDQRGRPALLRRKI GSGSVVLCTYPI EHFAAA 550 

i4.lff VYASYFHGA. . HKVQRGSWVPDLDGF.1FGVAKRSRYGLVEP VVEDELRLRVVTGFGGLAVGEELVFAVGGNEHSRAFLPVD PVE AE VLAVDGRGRPALLRRRVGAGAF.1VLCAYPLE HF.1ASA 548 

<K/VYLSFCSGE. . YPTTRGPWFHDLDGLFGVELQLSYGVAEP I EDDVLEF/TFTEDFGSI AAGEVLTFPVAGNEDSRAYLPVV PDGARVVATDAHGRPALLRYETGAGRTVLATYPLE HF.1AAR 552 

r.pLYVSY DGI SLEGFDEVFGVK. . TQYSF.1VPKNET VSF.1HCEELGI DLNYKALKFNKR. . . LI AK PTTGRV! ANDDENNPA! VVNKYGEGNA! LVTYPI ELYLSY 524 

-KffVYLSFCSGE. . HPGTRGPWFDDLDGLFGVELQLSYGVAEP I EDDVLEFVTFAEDFGSI AAGETLVFPVAGNEDSRAYLPVV PTGARVVATDAHGRPALLCHGTGEGRTVLATYPLE HF.IAAR 552 

-K^VYLSFCSGE. . HPGTRGPWFDDLDGLFGVELQLSYGVAEP I EDDVLEF/TFTEEFGTI KAGETLTFPVAGNEDSRAYLPVV PKGARVVATDAHGRPALLRHDTGQGRTVLATYPLE HF.IAAR 552 

^•fl LYVSF.1VRGVGF.1LKALHESPTHLWGELFGVENTLEVGSVGQKYVNQ! Nl VFAKDFGVF.1RKGDT! SLN! F.1EPI YT. . . YKAR Al DADV! AEDSEGRPV! FRVRRGKGNVYLNLLPI El ALAR 559 

^PLYLSY DGI A! EGFEEVFGVK. . I EYFF.1VPREEN VEI ESEI LPARFRYKALPSNKR. . . LI LKPI KGET! AKDKEGNPS! I VNQYGKGRA! LVTYPI ELYLSY 502 

CwiAV! SYCYG FWF.1NI DWA! KLDLYYNYPI LS DGLNTTVDNVN! NVPAF.1GYTYDR. . Al AK VNGGDVLLKDSAGNPV! VYSNVGSGRVYFI TYPLEYWLGL 514 

'K^VYLSFCSGE. . HPVTRGPWFDDLDGLFGVELQLSYGVAEP I EDDVLELTFTEDFGDLRAGEVLRFPVAGNEDSRAYLPVE PRAGRVVAVDAHGRPALVVHETGVGRTVLSTYPLE HF.1AAR 552 

E 

r.* NEKI NLSDLSHLI YRCI AKQASLN. LCYCDNQRVRVRKI KSG. RKTLYLI QNI AVDKEQVCT ! FDNSSTYH VQI ELDPKEYKLLNF 608 

SlcTPRI N. PEFTYKI YDALAELAGVKRPVTVDDPRVAADTLR HRDGRRFVFLVSQADQPLSVKPAA ASGHLTELGGK SP! . . HAVELAPYDVR! LELRPGP 646 

i4.inTPSVN. PECTWRLYAALAAEAGVVPEVSVDDPGVLVSVLE HEDGRRFAVLVSQRGEPVSARV LGAGLRSFG DVVELGPYGVVVAEVER. . 635 

-K/TARAN. PEFTHRLYAALAELAGAARPVTVETPYVSADTLVHEDGTRFVVLVSQSGEELTVRP. a ADGELRELTGGDPV. . RDVTLAPYGVHVLE LR. . . 644 

r.pF.1PDVYKTDRSYLI YKYAKELSGI EYNVKVESPYI EVKEFDYG. GKTLVLFI NHEDI Dl HTKI Rl SRKTKNNEK! QDLI SG RQ! NLENFT! EANGVVAI LLEKGL 627 

-K^TARAN. PECTHRLYAALAEVSGAARPVTVDSPYVAADTLVREDGTRYVVLVSQSEAELSVRP. V ADGELHELEGG EPV. . RDVVF.1APYGVRVLELR. . . 644 

Sl^TARVN. PECTHRLYAALAEI AGAARPVTVDSPHVAADTLVHEDGRRFVVLVSQSGTELTVRP. S ADGTLHSLDDG DPV. . RDVTLPPYGVRVLE QR. . . 644 

^•fl SDI VDVSSNI HRLYESI ALDI Gl EPLYRSSDPEVEVNI YT GGDSD! VI AVNHGKTKSCTI ASKRSI LEALKI GGDGDLI S VASRSI Dl KLYEKSSI VLLI KRQ. 662 

dp F.1PDVYKSNESFKI YQLAKRLAGI VYEVEVDSPYVEVKEFN FE. NRKLI LLI NHENEEVRI GVKLKDKGRFNEK! EDLVNK RE! NPENFA! APNGVVAFWLKKGV 605 

CmsPKPFENHDAHLLYNLI LRREGI G. . ALTPSKWVQVARLK SS. KYSYVAYI NHGWSDVKI NVSG VNVETGEKVRG EYVLRGKDYL! VRE. ... 600 

-K^TARVN. PD\TQRLYGALAQLAGVRRPVTVADPHVSADVLVHADGRRFVVLVSQSPDPLVVRP. A AEGKLHSLADG APV. . QDVALDAYGVAVLE LR. . . 644 

Figure 1 Multi-alignment of Tth Man5 P-mannosidase with other GHF5 members. Sequence alignment was performed by using Clustal 
X2.0. Thermotoga thermorum {T. t): GenBanl< No. AEH51033; Sorangium cellulosum (5. c): GeneBanl< No. YP_00161 1298; Actinosynnema mirum 
{A. m): GenBanl< No. YP_003101832; Streptomyces flavogriseus (5. f): GenBanl< No. YP_004925051; Streptomyces globisporus (S. g): GenBanl< 
No. ZP_1 1381673; Streptomyces sp. (S. s): GenBanl< No. ZP_09180515; Ignisphoero oggregons (/. o): GenBanl< No. YP_003859038; Corboxydibrochium 
pacificum (C. p): GenBanl< No. ZP_05092335; Caldivirga maquilingensis (C. m): GenBanl< No. YP_001 540758; Streptomyces lividans (S. I): GenBanl< 
No. ZP_06533254. 



However, the enzyme activity was apparently inhibited by 
1 mM Cu^"" and Zn^"", 0.05% Tris and 0.1% SDS. Enzyme 
kinetic studies in the addition of j^NPM and l,4-|3-D-man- 
nan as the substrate at optimum temperature and pH 
allowed the determination of the Michaelis-Menten pa- 
rameters (Table 4, data for l,4-|3-D-mannan was not sum- 
marized in this table). The enzyme had an obvious of 
4.36±0.5 mM , V^^ax of 227.27±1.59 |imol min'^ mg'^ and 



kcatlK^ of 441.35±0.04 mM"^ s'^ using pNPM as substrate, 
while of 58.34±1.75 mg mY\ V^^^ of 285.71±10.86 
(imol min'^ mg' ^ and kcatlKm of 41.47±1.58 s'^ mg ^ mL 
for l,4-|3-D-mannan. The effect of mannose concentration 
on the Tth ManS |3-mannosidase activity was also investi- 
gated (shown in Figure 4). Though the enzyme activity 
was gradually decreased with the increase of mannose 
concentration, the enzyme could retain 50% of its initial 
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Table 1 Purification of the recombinant Tth Man5 p-mannosidase 



Purification step 


Total volume (mL) 


Total activity 
(|jmol min'^) 


Total protein (mg) 


Specific activity 
(|jmol mg'^ min'^) 


Recovery (%) 


Purification 
(fold) 


Crude extract^ 


10 


2160 


135 


16 


100 


1 


Heat treatment^ 


10 


1922 


31 


62 


89.0 


3.9 


Ni affinity cliromatograpliy^ 


1 


1734 


17 


102 


80.3 


6.4 



^The recombinant strain was grown in LB medium (200 ml) with 100 \ig ampicillin/ml at 37°C to ODeoo 0.4-0.5 and was incubated further with isopropyl-p- 
thiogalactopyranoside (IPTG) for 5 h. The cells were harvested by centrifugation at 10,000 g for 15 min at 4°C and resuspended in 10 ml imidazole buffer (10 mL 
of 5 mM imidazole, 0.5 mM NaCI, and 20 mM Tris-HCI buffer, pH 7.9), followed by sonication. 

"^The cell extracts after sonication were heat treated at 70°C for 30 min, and then cooled in an ice bath, centrifuged at 15,000 g for 20 min at 4°C and the 
supernatant was kept. 

'^The obtained supernatants were loaded on to an immobilized metal affinity column (Novagen, USA), and eluted with 0.4 M imidazole, 0.5 M NaCI, and 20 mM 
Tris-HCI buffer (pH 7.9). 



activity at 900 mM of mannose concentration, indicating 
Tth ManS |3-mannosidase is a mannose-tolerant |3- 
mannosidase with a Ki of 900 mM mannose. 

Hydrolysis of 1,4-p-D-mannan by the purified Tth ManS 
p-mannosldase 

Tth ManS |3-mannosidase was capable of degrading not 
only j!;>NPM but also polymer mannan. The mode of ac- 
tion of Tth ManS |3-mannosidase was determined by 
analyzing the products of digestion of 1,4-p-D-mannan 
(Figure S). The end products were almost the mannose 



kDa M 




Figure 2 SDS-PAGE analysis of recombinant Tth ManS 
P-mannosidase in E coll BL21 (DE3). Lane M: protein marker, lane 1: 
cell-free extract off. coli BL21 (DE3) harboring p^-20b plasmids, lane 2: 
the purified Tth ManS p-mannosidase eluted with 0.2 M 1 mL imidazole 
buffer, lane 3,4: the purified Tth ManS (B-mannosidase eluted with 0.4 M 
1 mL imidazole buffer (lane 3: first tube collection, lane 4: second 
tube collection). 



after degradation for O.S h and mannose concentration 
increased with prolonging the hydrolysis time. The result 
confirmed that Tth ManS |3-mannosidase only displayed 
exo-enzyme activity. 

Phylogenetic analysis of Tth ManS p-mannosidase 

The phylogenetic trees generated from 3S candidate se- 
quences were constructed to gain deeper insight into the 
evolutionary relationship among |3-mannosidases, using 
the Neighbor-Joining (NJ) and Maximum-Parsimony 
(MP) methods. Both trees displayed almost the same 
topological structures (NJ tree was not shown). It re- 
vealed the presence of three well-supported clades and 
each clade consisting of a separated monophyletic group 
(Figure 6). Clade I, Clade II and Clade III consisted of 
the GHF2, GHFS and GHFl |3-mannosidases, respect- 
ively. From the phylogenetic trees, it is obvious that 
there are two subclades in Clade II. Tth ManS |3- 
mannosidase from T. thermarum showed an apparently 
distant relationship with the GHFS |3-mannosidases from 
the same genus. Therefore, it was presumed that the bio- 
chemical properties of Tth ManS p-mannosidase might 
differ from the same genus |3-mannosidases. This was 
confirmed by the experiment results shown in Table 4. 

Discussion 

|3-Mannosidase is an important hydrolytic enzyme 
which attacks the non-reducing end of the |3-linked 

Table 2 Specific activity of Tth ManS P-mannosidase on 
various substrates 



Substrate 

p-nitrophenyl-(3-D-mannopyranoside 

l,4-|3-D-mannan 

galactan 

konjaku powder 

guar galactomannan 



Specific activity 
(pmol min~^ mg~^) 

102.00±2.65 

89.S0±1.34 

ND 

ND 

ND 



ND: not detected. Values shown were the mean of triplicate experiments, and 
the variation about the mean was below 5%. 
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Table 3 Effects of cations and chemical reagents on purified 
Tth Man5 P-mannosidase activity 



Cations^ 


Residual activity (%) 


Control 


100 




114.85±5.50 




25.63±2.20 




129.61 ±2.88 




107.96±3.84 


Ca^^ 


103.01 ±2.33 




109.61 ±3.50 




28.93±1.22 




191.94±7.27 




81.07±0.69 


Chemical reagents^ 




EDTA 


119.32±1.24 


Tween 60 


100.19±3.76 


Tris 


58.34±0.96 


SDS 


26.02±0.51 


^Final concentration, the former value in the table was determined at 1 mM. 
"^Final concentration, the values in the table were determined at 1 mM, 0.05%, 
0.05% and 0.1% for EDTA, Tween 60, Tris and SDS, respectively. Values shown 
were the means of triplicate experiments. 



mannooligosaccharides to release mannoses [17]. It 
plays a key role in the degradation pathway of complex 
oligosaccharide and glycoproteins [5]. To our know- 
ledge, the hydrolytic end product by |3-mannosidase, 
mannoses, are also fermentable sugars which can be 
bio-converted to bio-fuels and value-added chemicals 
[18]. The release of the genome in database provides us 
an effective way to investigate the uncharacterized en- 
zymes, which may have great potential in industrial ap- 
plications. For this study, a putative endo-|3-mannanase 
gene (Theth_0949) from T. thermarum was cloned and 
was finally defined as a p-mannosidase through the bio- 
chemical characterization. 



The T. thermarum |3-mannosidase is distinct from the 
other glycosyl hydrolases from T. thermarum. The sub- 
strate specificity and amino acid sequence of the 
|3-mannosidase are apparently different from those of 
the xylanase and p-xylosidase from T. thermarum previ- 
ously reported [19,20]. Based on sequences similarity, 
the Tth ManS p-mannosidase belongs to GHF5. It has a 
homologous relationship with those from S. cellulosum 
(33%), A, mirum (32%) 2ind S. flavogriseus (32%) (Figure 1). 
Compared to the same genus Thermotoga p-mannosidase 
from GHF5 or GHF2, however, there is great difference 
according to phylogenetic analysis and they belong to dif- 
ferent monophyletic groups (Figure 6). This suggests that 
Tth ManS p-mannosidase may have some specific proper- 
ties. Like other hemicellulases, the catalytic mechanism of 
p-mannosidase is also a double displacement lysozyme- 
like reaction, involving stabilization of an oxocarbonium 
ion by electrostatic interaction with two glutamate acid 
residues at the active site [2]. By the alignment with other 
GHF5 p-mannosidases and a GHF5 cellulase from 
Pseudoalteromonas haloplanktis (EXPDB No. 1TVP:A), 
the acid/base and the nucleophile are identified as Glul41 
and Glu238 residues, respectively [16]. It is difficult to 
know more details about the functional amino acid resi- 
dues as lack of a suitable template for homology modeling. 
Therefore, a crystalline structure analysis is needed to fur- 
ther investigate. 

The Tth ManS p-mannosidase from T. thermarum 
DSM 5069 exhibits the highest activity at temperature 
85°C (Figure 3c). The temperature optima is higher than 
the p-mannosidases from Homo sapiens, Aplysia kurodaU 
Bacillus licheniformis, Bacillus circularise Aspergillus niger 
and Aspergillus awamori, in which optimal temperature 
are ranged from 37°C to 70°C [3-5,17,21]. It is found that 
the p-mannosidases from the genus Thermotoga and 
Pyrococcus furiosus exhibit the maximum activity above 
80°C [11-13]. However, pH optima for animals and fungi 
are near 5.0 while for bacteria occurs at neutral 



Table 4 Characteristics of P-mannosidases from different sources for ^pNPM as substrate 



Strain 


^max 

(|jmol min'^ mg'^) 


Krr, (mM) 




(mM"" s"") 


Kj for mannose 
(mM) 


Optimal 
Temp (°C) 


Reference 


Thermotoga thermarum 


227.27±1.59 


4.36±0.05 


1924.29± 13.47 


441.35±0.04 


900 


85 


This work 


Thermotoga neapolitana 


36.9±2.5 


3.1 ±2.5 


'67.83 


'24.23 


^ND 


90 


11 


Thermotoga maritima 


50.5 


0.49 


'8.43 


'17.22 


ND 


95 


10 


Pyrococcus furiosus 


31.1 


0.79 


31.1 


40 


ND 


105 


12 


Thermoascus aurantiacus 


'3.66 


1.1 


6.1 


5.5 


ND 


76 


17 


Aspergillus niger 


'30 


0.3 


'67.5 


'225 


ND 


70 


16 


Thermobifida fusca 


5.96 


0.18 


'9.34 


'51.89 


5.5 


53 


22 


Aplysia kurodai 


3.75 


0.1 


'6.25 


'62.5 


ND 


40 


3 



^pNPM: p-nitrophenyl-p-D-mannopyranoside. 
"^ND: not determined. 

^Calculated by the data based on the reference. 



Shi et al. BMC Biotechnology 2013, 13:83 
http://www.bionnedcentral.conn/1472-6750/13/83 



Page 6 of 1 1 



100- 




PH 



PH 




60 

Temperature (°C) Time (min) 

Figure 3 Effects of pH and temperature on the activity and stability of the recombinant Tth Man5 P-mannosidase. a. Optimal pH of the 
Tth Man5 p-mannosidase. b. pH stability of the Tth Man5 |3-nnannosidase. c. Effect of temperature on Tth Man5 (3-mannosidase activity, d. The 
thermostability of the Tth Man5(3-mannosidase. The residual activity was monitored, and the maximum activity was defined as 100% (a, c) or 
initial activity was defined as 100% (b, d). Values shown were the mean of triplicate experiments, and the variation about the mean was 
below 5%. 



environment. As we know, the enzymes with high thermal 
stability are necessary in industrial progresses and thus it 
can minimize the enzyme consumption and enhance the 
catalytic efficiency. The Tth ManS p-mannosidase residual 
activity retains approximately 91% after being incubated at 
75°C for 2 h. Furthermore, the Tth ManS |3-mannosidase 
residual activity is still more than 50% even after being in- 
cubated at 90°C for 2 h. It shares similar thermostability at 
high temperature with the |3-mannosidases from hyper- 
thermophile. For instance, T. neapolitana p-mannosidase 
was stable at 90°C for 2 h and T, maritima p-mannosidase 
was stable at 80°C for 4 h [11,13]. The activity of p- 
mannosidase is significantly inhibited by Cu^^ and Zn^"^ 
and this is similar to the p-mannosidase from Homo sapi- 
ens whose activity is thoroughly decreased the activity by 
the addition of 1.5 mM Cu^^ or Zn^^. However, the en- 
zyme activity is greatly stimulated by Co^"^ and Mn^^ 



(Table 3), very different from Thermotoga maritima p- 
mannosidase which enzyme activity is apparently inhibited 
by the both ions [11]. 

p-Mannosidase is known to be a key enzyme for con- 
verting mannooligosaccharides to mannoses, the end 
products, which are able to inhibit the enzymatic reaction 
to a certain extent. Therefore, p-mannosidases with high 
tolerance to mannoses are beneficial to conversion of 
mannooligosaccharides. However, little information about 
mannose-tolerant p-mannosidase is available in literatures. 
As shown in Figure 4, Tth Man5 p-mannosidase is in- 
sensitive to mannose (48.0% of inhibition at 900 mM) 
whereas the Ki for Thermobifida fusca p-mannosidase is 
only 5.5 mM [10], suggesting a high tolerance to mannose 
inhibition. Moreover, high enzyme activity is also 
demanded for p-mannosidase in enzymatic hydrolysis of 
mannooligosaccharides. The Vmax value of Tth Man5 
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Figure 4 Effect of mannose on Tth Man5 P-mannosidase activity using p-nitrophenyl-p-D-mannopyranoside as the substrate. Values 
shown were the mean of three separate experiments, and the variations about the mean were all below 5%. 



|3-mannosi(iase for j!;>NPM is 227.27±1.59 (imol min'^ nig'^, 
V'fold higher than thermostable p-mannosidases from T. 
neapolitana and P, furiosus, 38-fold higher than T, fusca 
|3-mannosidase and 62-fold than Thermoascus aurantiacus 
|3-mannosidase [10,12,13,18]. The kcJKyn of Tth ManS 




M 1 2 3 

Figure 5 Analysis of 1,4-p-D-mannan hydrolyzed by Tth ManS 
P-mannosidase. The products of the reaction were examined with 
TLC M: mannose. Lane 1, 2, 3: l,4-(3-D-mannan (5%, wt/vol) incubated 
with 4 |jg Tth ManS b-mannosidase in 200 |jL 50 mM imidazole- 
potassium buffer (pH 5.5) for 0.5 h, 1 h and 2 h, respectively. 

v J 



|3-mannosidase for j^NPM is 441.35±0.04 mM"^ s'\ ap- 
proximately 2-fold higher than A, niger [B-mannosidase, 
11-fold higher than the P, furiosus p-mannosidase, 18- 
fold higher than the T, neapolitana p-mannosidase and 
80-fold higher than the Thermoascus aurantiacus p- 
mannosidase [12,13,17,18]. Generallly, it is noteworthy 
that Tth ManS p-mannosidase has the highest Vmax and 
kcatlKyn value (Table 4). Therefore, its mannose tolerance 
and high catalytic efficiency are desirable features for po- 
tential industrial applications. 

Due to its theoretical and practical importance we inves- 
tigated the hydrolysis of different substrates. When 1,4-p- 
D-mannan was degraded by Tth ManS p-mannosidase, 
mannose was produced as a major product (Figure S). It 
states that Tth ManS p-mannosidase is a typical p- 
mannosidase and acts on polymer substrate with an 
exolytic manner. Such an exo-type action has been found 
in the p-mannosidase from a marine gastropod, Aplysia 
kurodai [3]. It is obvious that Tth ManS p-mannosidase 
has a significant ability for the hydrolysis of 1,4-p-D- 
mannan (linear mannan by removing essentially all of 
the a-linked D -galactosyl residues from galactomannan 
with p-mannanase and a-galactosidase) with the Vmax of 
28S.71±10.86 (imol min'^ rng'^. However, no activity is 
detected on konjaku powder and guar galactomannan 
which are not pretreated with any enzymes. The results 
indicate that Tth ManS P-mannosidase can act on 
galactomannan cooperatively with p-mannanase and a- 
galactosidase to produce mannose efficiently but can not 
act with only Tth Man P-mannosidase. As Tth Man p- 
mannosidase can degrade 1,4-p-D-mannan with high 
efficiency, it is deduced that it also can efficiently 



Shi et al. BMC Biotechnology 2013, 13:83 
http://www.bionnedcentral.conn/1472-6750/13/83 



Page 8 of 1 1 



100 1 

57 



loo Q 



Agrobacterium radiobacter ACM26792 
Agrobacterium fabrum AAK87314 
Sinorhizobium fredii CCE96206 
Sinorhizobium meUloti CAC46504 
Bacteroides thetaiotaomicron NP_809371 
Stenotrophomonas maltophilia CCH12512 
Thennobifidafusca C A D33708 
Actinoplanes sp AEV83840 
Streptomyces sp ACN78887 
Thennotoga maritima AAD36691 
Thennotoga neapoHtana AAK52304 

■ Ros taurus AAC48460 

■ Homo sapiens AAC39573 

■ Aspergillus aculeatus BAA29029 

■ Aspergillus niger CAB63902 

■ Ignisphaera aggregans YP_003859038 
Titer ntotoga thermarum AEH51033 
Oddivirga maquilingensis YP OO 1540758 
Thermoanaerobacter pseudetltanolicus YP OO 1666 140 
Carboxydibrachiunt pacificum ZP_05092335 
Actinosynnema mirum YP_003101832 
Sorangium cellulosum YP_00161 1298 
Streptomyces lividans ZP_06533254 

, I — Streptomyces sp ZP_09180515 

Streptomyces globisporus ZP l 1381673 
Streptomyces flavogriseus YP_00492505 1 
Vibrio cholerae ZP_044 12297 
Treponema brennaborense YP_004440468 
Thermotoga neapolitana YP_002534887 
Thermotoga petropliila YP OO 1245 126 
, ^ j — Thermotoga sp ZP_10920101 
95] r- Thermotoga maritima CAB56854 
^^ Thermotoga naphthophila YP_003347055 
100 n fy^^^^^^^^ furiosus AAC44387 
L Pyn 



ioo[^ 



Clade I 
(GH2) 



Clade II 
(GH5) 



\rococcus horikoshii NP 



I Clade III 
I (GHl) 



Figure 6 Phylogentic tree resulted from analysis of |3-mannosidases with 35 amino acid sequences using Maximum-Parsimony (MP) 
method. Numbers on nodes correspond to percentage bootstrap values for 1000 replicates. 



hydrolyze mannooligosaccharides whose degree of poly- 
merization is less than l,4-|3-D-mannan. 



ManS p-mannosidase exhibits a great potential for 
enzymatic conversion of mannans. 



Conclusions 

In this study, a novel |3-mannosidase (Tth ManS) from 
T, thermarum DSM 5069 was over-expressed in E, coli 
with some specific features. The results of phylogenetic 
analysis and biochemical properties showed that the Tth 
ManS p-mannosidase was distant with the other genus 
Thermotoga p-mannosidases. As compared to other mi- 
croorganisms, the Tth ManS p-mannosidase possessed 
higher tolerance to mannose, higher catalytic efficiency 
and higher thermostability. Therefore, this study pro- 
vides a novel and useful p-mannosidase with combined 
properties of high catalytic efficiency, mannose-tolerance 
and thermostability. This is easily envisioned that Tth 



Methods 

Bacterial strains and growth conditions 

Thermotoga thermarum DSMS069 was purchased from 
DSMZ; German Culture Collection of Microorganisms 
and Cell Cultures (Braunschweig, Germany). Escherichia 
coli ToplO (Novagen) was used for routine molecular 
cloning work and E, coli BL21 (DE3) (Novagen) as the 
host for expression the recombinant p-mannosidase. 
The vectors pET-20b and pET-28a were used for cloning 
and expression. Cells of recombinant strain (£. coli ToplO 
or E. coli BL21 (DE3)) harboring pET-20b-r^/z manS and 
pET-28a-r^/z manS were grown in Luria-Bertani (LB) 
medium with addition of ampicillin (100 (ig ml'^) and 
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kanamycin (50 [ig mV^), respectively. Isopropyl-|3-D-thio- 
galactopyranoside (IPTG) was added with the concentra- 
tion of 0.5 mM. 

Construction of plasmids and strains 

DNA extraction was carried out as standard methods 
[22]. Restriction enzymes and DNA polymerase were 
purchased from Takara (Dalian, China) and used ac- 
cording to the manufacturers instructions. DNA was 
eluted from agarose gels with BIOMIGA Gel Extraction 
Kit (BIOMIGA, Shanghai). DNA sequencing was per- 
formed with ABI 3730 (Applied Biosystems). PGR ampli- 
fications were done using high-fidelity Ex-Taq DNA 
polymerase, and the resulting products purified by 
BIOMIGA PGR Purification Kit (BIOMIGA, Shanghai). 

The coding sequence of Tth manS gene was amplified 
by PGR of genomic DNA using primer 1 and primer 2 
as shown in Table 1. The synthesized codon optimized 
gene fragment was amplified using primer 3 and primer 
4 as shown in Table 5. The primers 1 and 2 introduced 
the restrictions sites Ncol and Xhol at the 5' and 3' end, 
respectively. Primers 3 and 4 used Ndel and Xhol re- 
strictions sites. PGR was performed as follows: 94°G, 5 
min; 30 cycles of 94°G for 30 s, 55°G for 30 s and 72° 
C for 100 s; and 72°G, 10 min. The amplified DNA frag- 
ments were digested with the corresponding restriction 
endonucleases, and inserted into the corresponding sites 
in pET-28a and pET-20b (Novagen) to produce recombin- 
ant plasmids. The two plasmids encode a recombinant |3- 
mannosidase bearing a G-terminal Hise-tag, under the 
control of a T7 inducible promoter. The sequence of the 
inserts in pET-28a and pET-20b was confirmed by DNA 
sequencing. 

Expression and purification of recombinant 
P-mannosidase 

E. coli BL21 (DE3) cells in 200 mL of LB with appropri- 
ate antibiotic selection harbouring recombinant plasmids 
were grown at 37°G and 200 rpm. When the OD^oo 
reached 0.4 to 0.5, the expression of p-mannosidase was 
induced by the addition of 0.5 mM IPTG and the culture 
was incubated at 37°G and 200 rpm for 5 h. Gells were 
harvested by centrifugation at 4°G (10000 rpm, 5 min), 
washed twice with 20 mM Tris-HGl buffer (pH 8.0), 
and re-suspended in 5 mL of 5 mM imidazole, 0.5 mM 
NaGl, and 20 mM Tris-HGl buffer (pH 7.9). The cell 
extracts after sonication were heat treated at 70°G for 
30 min, cooled in an ice bath, and then centrifuged 
(15000 g, 4°G, 20 min). The obtained supernatants were 
loaded on to an immobilized metal affinity column (2 mL) 
(Novagen, USA) with a flow rate 0.2 mL min'^. Finally, 1 
mL fractions were collected by eluting with 0.4 M imid- 
azole, 0.5 M NaGl, and 20 mM Tris-HGl buffer (pH 7.9). 
The fractions containing p-mannosidases were dialyzed 



Table 5 Nucleotide sequences of the primers used 


Primer 


Nucleotide sequence 


1 


5'-CATGCCATGGGCATGGA^OTOTGGCATCAA^-3', 




Tm=62.7°C 


2 


5'-CCGCTCGAGAAAGTOAGCAATrGTACTCmG-3', 




Tm=57.6°C 


3 


5'-GGAATOCATATGGAmCCTGCTGGGTA™ACTACT-3', 




Tm=62.0 


4 


5'-CCGCTCGAGGAAGTOAGCAGC™TACTCmC-3', 




Tm=56.7 



overnight against storage buffer (20 mM Na-phosphate 
buffer, pH7.0, 50 mM NaGl, 10% glycerol) and then kept 
at -80°G until further use. The analysis of production, pur- 
ity and molecular mass of the enzymes were determined 
by SDS-PAGE, using broad range molecular weight 
markers purchased from Thermo Fisher Scientific Inc. 
(12-94 kDa, MBI Fermemtas) as standards. The protein 
content was determined using Bradford reagent with albu- 
min from bovine serum as standard. Oligomerization state 
of Tth Man p-mannosidase was determined by size exclu- 
sion chromatography on a AKTAJPLC" (GE Healthcare 
Life Sciences) system with a Superdex 200 10/30 GL col- 
umn as described by Zhang et al. [23]. 

Enzyme assays 

Substrate /^NPM (Sigma, USA) was used for p- 
mannosidase activity analysis. Under standard assay 
condition, the purified enzyme (0.1 (ig) was incubated 
with 10 (iL of 20 mM substrate j^NPM in 50 mM 
imidazole-potassium buffer (pH 5.5) for 10 min at 85°G. 
The total reaction volume was 0.2 mL. Subsequently, 
600 (il of 1 M Na2G03 was added to stop the reaction. 
The /7-nitrophenol absorbance (/^NP) was measured at 
405 nm. One unit of enzyme activity was defined as the 
amount of enzyme necessary to liberate 1 (imol pNV per 
min under the assay conditions. All assays were performed 
in triplicate. 

Effect of temperature and pH on enzyme activity 

The optimum pH for p-mannosidase was determined by 
incubation at various pH conditions (pH 4.5-8.5) at 85°G 
for 10 min in 50 mM imidazole-potassium buffer. The 
optimum temperature for the enzyme activity was deter- 
mined by standard assay ranging from 60°G to 90°G in 
50 mM imidazole-potassium buffer at pH 5.5. The re- 
sults were expressed as relative activity to the value 
obtained at either optimum temperature or optimum 
pH. The maximum activity detected for pH optimum 
and temperature optimum were defined as 100%. PH 
stability assays were determined by measuring residual 
p-mannosidase activity after pre-incubation of enzymes 
in the pH rang of 4.5 to 8.5. Thermostability assays were 
determined by measuring residual p-mannosidase 
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activity after pre-incubation of enzymes at 75°C, 80°C, 
85°C, and 90°C for 30 min, 60 min, 90 min and 120 min. 
The activity of the enzyme without pre-incubation was 
defined as 100%. 



Effect of cations and chemical reagents 

The effects of metal ions and chemical reagents on p- 
mannosidase activity of purified enzyme (0.1 \ig) were 
determined. Mg^"", Zn^"", Mn^"", Ca^"", Al^"', Ni^"', Cu^"" 
and Co^^ were assayed at concentrations of 1 mM in the 
reaction mixture. The chemical reagents EDTA (1 mM), 
Tris (0.05%), Tween 60 (0.05%), and SDS (0.1%) in the 
0.2 mL reaction mixture were assayed. The enzyme was 
incubated with each reagent for 1 h at 85°C before the 
addition of j^NPM to start the enzyme reaction. The ac- 
tivity of the enzyme without the chemical reagents or 
metal cations was defined as 100%. 



Kinetic parameters and coefficient of mannose tolerance 

Kinetic constant of (3-mannosidase was determined by 
measuring the initial rates at various concentrations of 
(1 to 50 mM) under standard reaction conditions 
described as above. The influence of various mannose 
concentrations range from 0.1 M to 1.3 M on the |3- 
mannosidase activity was investigated using j^NPM as 
substrate. The /</ value of mannose was determined de- 
fined as amount of mannose required for inhibiting 50% 
of the |3-mannosidase activity. All assays were performed 
in triplicate. 

Substrate specificity 

The substrate specificity of the enzyme was determined 
by using following substrates, such as konjaku powder 
(Anhui, China), guar galactomannan (medium viscosity), 
l,4-|3-D-mannan and galactan (Megazyme International 
Ireland). The enzyme activities were assayed using the 
dinitrosalicylic acid (DNS) method [24]. The reaction 
mixture, containing 0.5% each substrate above and 0.1 
\ig enzyme in 0.2 mL 50 mM imidazole-potassium buffer 
(pH 5.5) reaction system, were incubated for 10 min at 
85°C. The reaction was stopped by the addition of 0.3 mL 
DNS, followed by boiling for 5 minutes. The absorbance 
of the mixture was measured at 550 nm and converted to 
micromole of mannose by a mannose standard curve (data 
not shown). One unit of |3-mannosidase activity was 
defined as the amount of enzyme releasing per (imol 
mannose per minute. Kinetic constant of |3- mannosidase 
with each substrate was determined by measuring the 
initial rates at various concentrations from 1 mg mL"^ to 
60 mg mL'^ under standard reaction conditions described 
as above. All assays were performed in triplicate. 



1,4-p-D-mannan degradation 

The l,4-|3-D-mannan was treated with purified Tth Man5 
|3-mannosidase, and the degradation was subjected to ana- 
lysis on thin-layer chromatography (TLC). The reaction 
mixture (200 [iL) contained 5% 1,4-p-D-mannan (wt/vol) 
and 4 [ig of enzyme in 50 mM imidazole-potassium buffer 
(pH 5.5). The reaction was carried out for various times 
(0.5 h, 1 h and 2 h) at 80°C, and stopped in a water bath 
(4°C). After centrifuged for 10 min at 12,000 rpm, the su- 
pernatants of the reaction mixtures were applied on silica 
gel TLC plates (G, Qingdao). Sugars on the plates were 
separated with a solvent system consisting of /^-butanol, 
acetic acid, and water (2:1:1, by vol/ vol), and detected 
using the orcinol/concentrated sulfuric acid reagent [25] . 

Bioinformatics analysis 

A BLAST engine was used to search the amino acid 
sequences related to the p-mannosidase from T. 
thermarum and against the CAZy database. Clstal X2 
was used for multiple sequence alignment [26]. Phylo- 
genetic analysis was performed in Paup with the 
Neighbor-Joining (NJ) and Maximum-Parsimony (MP) 
methods [27]. 

Amino acid sequence accession number 

The GenBank accession number of p-mannosidase from 
r. thermarum DSM 5069 is AEH51033. 
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